ABSTRACT The main purpose of this paper is to study the problem of the sensor fault detection and fault-tolerant control for DC-DC buck converter via affine switched systems. First, the buck converter is model as a switched system model, and a robust fault detection observer with a prescribed H ∞ performance index is designed to produce a residual signal. The residual signal can be used to construct the residual estimation function. Second, fault detection logic is introduced which compares the threshold with the residual estimation function, and the sensor fault detection can be achieved. Third, once the sensor fault is detected, fault-tolerant control can be achieved through the method of system reconfiguration. This method enables the system to achieve asymptotic stability in a new system under the sensor fault. Finally, to show the feasibility of the fault detection and fault-tolerant control, the simulation results of three kinds of sensor faults including open-circuit, gain deviation, and noise abnormity given in this paper.
I. INTRODUCTION
With the development of power electronics technology, power electronics have penetrated into all aspects of social life. As the core of power electronics, the safe operation of DC-DC converters have an important influence on the safe and efficient operation of the power electronic products [1] - [3] . In this paper, the main motivation of fault detection and fault-tolerant control scheme is to make the system run stably after the fault. Abundant theoretical results show that the problem of fault diagnosis and fault-tolerant control is widely concerned by researchers. These excellent research results put forward some novel fault detection and diagnosis methods from many aspects. Authours study the problem based machine learning techniques [4] , [5] . In addition, Sun J, Qin S Y, etc expound the fault diagnosis scheme based on power electronic system from different aspects [6] , [7] . Generally speaking, there are two methods to realize sensor fault detection, which are signal-based method and model-based methods [8] , [9] . Signal-based method is widely applied to
The associate editor coordinating the review of this manuscript and approving it for publication was Mauro Tucci. the systems which are hard to establish mathematical models. For the model-based methods, using the state observer to estimate the unmeasured state in the system is a common method. Meanwhile, the past few years have witnessed the development of observer [10] - [13] . There are several common observers, such as sliding model observer, adaptive observer and Luenberger observer etc. [13] , [14] . Filter design is also an important technique in model-based fault detection.Two excellent papers show that using kalman filter for fault detection and diagnosis is very reasonable [15] , [16] .
Once faults are detected and diagnosed, fault-tolerant control needs to be studied. The fault-tolerant control keeps the system in a asymptotically stable. Fault-tolerant control based on switched systems has also received extensive attention. In the [17] , an observer-based fault tolerant control framework is proposed for a class of periodic switched non-linear systems. [8] develops a fault tolerant control strategy designed to preserve closed-loop stability in spite of actuator fault. For linear discrete-time switched systems, the fault-tolerant control problem is studied in the [18] . Therefore, fault detection and fault-tolerant control are worth studying.
From the point of switching system perspective, Wu, TB,Li, FB,etc presente a novel method to address the stochastically stability analysis and satisfies a given H 2 performance index simultaneously. The proposed design method and the designed filter are interesting and effective [19] . Jiwei Wen, Li Peng, etc investigate a receding horizon control strategy for a class of bilinear discrete-time systems with Markovian jumping parameters and constraints. Specifically, the stochastic jump system under consideration involves control and state multiplicative noise and partly unknown transition probabilities [20] . Comparing [19] , [20] with this paper, [19] , [20] jump and switch with a probability, in stochastic environment. In this paper, the switching signal of the switching system is designed by switching strategy, which is a fixed switching. In the past few years, many simple and efficient control strategies have been proposed based on switching systems [21] - [23] . However,for our paper, we consider the switching strategy strate which is to take the largest of all the auxiliary functions. Meanwhile, the error between the observer and the system can reach asymptotically stable state under switching strategy. We suppose the dynamical system composed of many affine switched subsystems. The switching strategy drives the state of switched dynamic system to a desired equilibrium point [21] .
In this paper, sensor fault detection and fault-tolerant control method is introduced for DC-DC converter such as buck circuit. First of all, buck circuit is described as a switched system which has two switching subsystems. Secondly, to detect sensor fault, a fault detection observer is designed which produces the residual error signal. Thirdly, a switching strategy is applied to the affine switched system to derive the system state value to the desired equilibrium point. Then fault detection logic is introduced that the residual signal is greater than the threshold, an alarm is generated. In addition, the method of system reconfiguration is presented to achieve the fault tolerant control. Finally, fault detection and fault tolerant control are applied to three kind of sensor faults which consist of open-circuit, gain deviation and noise abnormity.
We expound this paper from the following sections. Section 2 presents the system model, fault model and the sheme of fault detection and fault-tolerant control. The buck circuit is modeled as a switched system, which can percisely describe the characteristics among different models of the converter. The fault model is given with sensor fault. In section 3, we design a robust fault detection observer to produce a residual signal. In section 4, we introduce the switching strategy which is to take the largest of all the auxiliary functions. The switching strategy is applied to the an affine switched system to derive the system state value to the desired equilibrium point. In section 5, a fault detection logic is introduced. According to the fault detection logic, we can achieve the fault detection. In Section 6, the system reconfiguration is realized. The value of observer is applied to system and the output value is replaced by the value of desired equilibrium point. Meanwhile, the separation principle is introduced to show that the system reconstruction has no effect on switching rule. Finally, conclusions are given to end the article.
Notation: In terms of the real matrix, S T denotes for S transpose. Meanwhile, S > 0 and S < 0 denote positivedefiniteness and negative-definiteness. He(M ) = M T + M . The symbol * stands for a block matrix terms that can be deduced from symmetry.
II. MODEL DESCRIPTION AND PRELIMINARIES
A. SYSTEM MODEL Fig.1 shows a buck circuit including to two insulated gate bipolar transistors (SW 1 ,SW 2 ) which play the role of the switch. Alternate working between two switches allows the system to switch between two subsystems. This work process is shown in the Table. 1. 
where u(t) and y(t) are the input and output
On the contrary, s=0. The system matrix for the state space expression of the system as follows:
The switched systems state asymptotically stabilizes to a given constant referencex
By defining e(t) = x(t) −x, we get the affine switched error system
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B. FAULT MODEL
Considering sensor fault, we build the fault model as follows:
where f (t) is the sensor fault signal and D = I with the appropriate dimensions.
C. THE SCHEME SUMMARY
The scheme of the proposed fault detection and fault tolerant control is involved in Fig.2 . In part 1, the system model is written by the dynamic characteristics. Meanwhile, considering the sensor fault, fault model is given at the same time.
The part 2, we design a fault detection observer to produce the residual which is used to detect faults. In part 3, the main purpose is to introduce the switching strategy. The switching strategy is applied to the affine switched system to derive the system state value to the desired equilibrium point. The part 4 is composed of fault detection logic. The fault detection logic is that the residual is greater than threshold produced, the sensor fault will be detected. Finally, the part 5 iontroduce the method of the system reconfiguration for fault tolerant control.
FIGURE 2.
An overview of the proposed method.
III. FAULT DETECTION OBSERVER DESIGN
The following observer is employed to detect the sensor fault:
Define r(t) = y e (t) −ŷ e (t), z(t) = e(t) −ê(t),r(t) = r(t) − Df (t), we can geṫ
The augmented switched system is described aṡ
In fact, we can get
The design of fault detector can be summarized into the following two parts.
(1) System (7) is asymptotically stable.
(2) To the residual errorr(t) caused by the fault is very small. the following index need to be satisfied.
Theorem 1 is given to obtain the sufficient conditions that system (7) satisfies the two parts above.
Theorem 1: If there exist matrix variables G, W , P > 0 and S, k σ is the affine switched term, satisfying the inequality
the system (6) is asymptotically stable with the robust performance (9) . Meanwhile, when (10) is feasible, G = P −1 G is the gain matrix of (6) . Proof: In this paper, we construct a switched Lyapunov functions for the error dynamics 7 as
Considering the stability of the system (7), when f (t) = 0, we rewrite the system as:
Under the zero initial conditions and f (t) = 0 anḋ V σ (z(t)) < 0, the system (7) will be asymptotic stability. We consider the performance index (t)
For any nonzero f (t) ∈ l 2 [ 0, ∞) and the under zero-initial condition, we have
Combining (7), the following equations can be written as:
we can deriveV σ (z(t))<0, which implies that V (z(t)) converges to zero as t → ∞. Meanwhile, it also implies (t) < 0. Then, it has the robust performance (9). Then we can rewrite (13) as follows:
By applying schur complement formula, (14) can be rewritten as:
Combining (8), denoting G = PG and after some matrix manipulation, (15) can convert (10).
Remark 2:
In this section, we design a Lunberger observer with a prescribed H ∞ performance index to produce the redisual signal. The redisual signal is used to detect fault which will be introduced in the following section. By (10), we obtain the gain G of observer.
IV. SWITCHING STRATEGY
Reference [23] focus on the 'max' composition in two lyapunov functions under healthy condition. Applying the switching strategy, drives the state of the switched dynamic systems to a desired equilibrium pointx. For this system (3), assume that the dynamic subsystems can be represented as a convex combination of the vector of the subsystems by the differential inclusioṅ e(t) = i∈σ (e(t))
where := {θ ∈ R :
A assumption is given to determine the parameters. Assumption 1: [23] The origin is an equilibrium point of the differential inclusion (16) only if there exists θ ∈ such that
where := {θ ∈ R 2 :
, σ (e(t)) = {i}. The switching rule is described as σ (e(t)) = argmax{v 1 (e(t)), v 2 (e(t))}
where
V (e(t)) = max{v 1 (e(t)), v 2 (e(t))} is the largest lyapunov function. Since σ (e(t)) = {1, 2} represents two modes of operation, there exist two lyapunov function v 1 (e(t))
{σ (e(t)) = 1} and v 2 (e(t)) {σ (e(t)) = 2}. The switching rule of system (4) is designed as follows: (1):If v 1 (e(t)) > v 2 (e(t)), the system is in mode 1
{σ (e(t)) = 1}, in which the switch is open (SW 1 = 1).
(2):If v 1 (e(t)) < v 2 (e(t)), the system is in mode 2
{σ (e(t)) = 2}, in which the switch is open (SW 1 = 2). The switching rule is applied to the affine switched systems to derive the system state value to the desired equilibrium point. In order to better illustrate the feasibility of this switching strategy, the following definition and theorem are given.
Definition 1: For the convenience of research, we give the following definition:
Theorem 2: If there exist variables P θ > 0, S θ , K θ ,P and α θ satisfying the inequalities
the affined switched system can be asymptotically stable at equilibrium
We prove the theorem from two aspects:
• ensure the asymptotic stability of the system.
• determine the equilibrium point.
(1) To guarantee the switching affine is asymptotically stable, we have to makeV (e(t)) < 0. It haṡ
Tp e(t)) < 0.
We can get the value of α i , by refering to Remark 3. Meanwhile, we can write the equation as followṡ V (e(t)) =θ 1 (e(t))∇v 
(e(t))ė(t) +θ 2 (e(t))∇v

(e(t))ė(t) = 2θ 1 (e(t))(e
we rewrite (19)combining equation (20) V (e(t)) + 2α θ {[θ 1 (e(t) T P 1 e(t) + 2e(t) T S 1 )
+4α θ e(t) T S θ − 2α θ e(t) Tp e(t) < 0
In order to solve the auxiliary function parameters, we write the form of linear matrix inequality(LMI) as follows,
The inequality (21) can be converted to (18) . (2) To determine the equilibrium point, according to In this section, we introduce the switching strategy under healthy condition. Obviously, this switching strategy is greatly influenced by the information from the sensor feedback. Thus, it is extremely important to implement fault detection according to the following fault detection logic.
V. FAULT DETECTION LOGIC A. RESIDUAL AND THRESHOLD
In this section, fault detection logic is introduced. For the switched system, the error between the measured value and the estimator of the observer is called residual. When the residuals exceed a certain threshold, fault will be detected. In order to realize the fault detection, first, we define the residual estimation function, when the residual estimation function exceeds the threshold, the faults will be detected. We consider the residual estimation function as follows:
wherer(t) = y e (t) −ŷ e (t), N is the length of the evaluation window. The J denote the average value fromr T (t − N )r(t − N ) tor T (t)r(t). Meanwhile, we choose the threshold as:
Compare the value of residual error J and the threshold J th to achieve the sensor faults detection according the logical as follows:
J ≤ J th , F flag = 0 the switched system no alarm J ≥ J th , F flag = 1 the switched system with alarm.
Remark 4: When there is no fault in the system, we choose the maximum interference as the threshold of fault detection. In this way, not only the fault detection can be realized, but also the system itself relatively small errors and disturbance elimination, which makes the fault detection more accurate.
Once the fault is detected, we will realize the fault tolerant by the methods of system reconfiguration. In the next section, on the one hand,we introduce the system reconfiguration. On the other hand, we will prove the feasibility of this method through the separation principle.
VI. FAULT-TOLERANT CONTROL A. SYSTEM RECONFIGURATION
Obviously, when sensor faults occurs, the measured value cannot correctly reflect the system state. The switching strategy can not control the system well and even cause the system crash. System reconfiguration is necessary to achieve fault tolerant control. System reconfiguration includes two parts. On one hand, the observed valueê(t) of the fault detection observer replaces measured value e(t) until the fault recovers. On the other hand, the output value y e is replaced by 0 which is the desired error output value.
The method of system reconfiguration to sensor fault tolerant is simple, but we need to consider whether the system reconfiguration will affect the switching strategy. Therefore, the following separation principle is introduced.
B. SEPARATION PRINCIPLE
If the poles are similar before and after system reconfiguration, we can say that the separation principle is satisfied. Meanwhile, we give the process as follows:
Firstly, we define z
(t) = e(t) −ê(t), h(t) = e(t), ϑ(t) = z(t) h(t)
T . Then, combining equation (4) with equation (5), we geṫ
It is expressed as a matrix form as follows:
Finally, calculating the poles of augmented system (22) , the characteristic polynomial can be expressed as (23)
To fault tolerant control, the value of e(t) and y e are replaced byê(t) and 0. This process is called system reconfiguration. While the system is reconfigured, it haṡ
Similarly, we define z(t) = e(t) −ê(t),h(t) =ê(t), η(t) = z(t)h(t) T . Combining equation (4) with equation (24), we can figure out the differential forms of z(t) andh(t) aṡ
It is expressed as a matrix form aṡ
Calculating the poles of augmented system (25), the characteristic polynomial can be expressed as (26)
From the equation (23) and (26), we can see that the designs of the observer and the switching control law can be designed independently. In other words, system reconfiguration has no effect on switching strategy. Remark 5: From the equation (23) and (26), we can see that the poles of ϑ(t) and η(t) are the same. It means that ϑ(t) and η(t) are independent. In other words, system reconfiguration has no effect on switching strategy. Therefore, it is feasible to realize fault tolerance through system reconfiguration in theory.
VII. SIMULATION RESULTS AND ANALYSIS
A. RELATED CALCULATION RESULTS
To simulate, we have the following definitions for the parameters of this buck converter system. L = 2mH , r = 1 , R = 16 , E in = 40v, C = 500µF, E out = 16v. We can figure out
So the final equilibrium position will be determinedx = (x 1 ,x 2 ) =(1,16). According to Remark 3, we choose α 1 = 300 and α 2 = 300. Using the LMI toolbox, we can solve for P 1 , P 2 and S 1 , S 2 as In order to verify the validity of sensor fault detection and fault tolerant control strategy, the buck model simulation was given in MATLAB. This affine switched system is operated steadily and three kinds of sensor faults are simulated. Suppose the simulation time is 0.05 seconds, and the faults occur in 0.02s seconds. In this paper, the fault detection threshold is chosn as J th = 0.02. VOLUME 7, 2019
B. SIMULATION ANALYSIS
The simulation is carried out by taking three faults as examples, and each fault occurs in the current sensor and the voltage sensor respectively. We carry out the simulation analysis as follows
C. SIMULATION ANALYSIS 1) SIMULATION RESULTS OF OPEN-CIRCUIT FAULT
• Case (1): Open circuit fault of current sensor When the simulation time t = 0.02s, the measurement values of the inductor current is set as 0 to simulate the current sensor open-circuit fault. The simulation results are shown in Fig.3 . Fig.3(a) is the current and voltage residual. As can be seen from the Fig.3(a) , after the open-circuit fault of the current sensor, the residual of the inductive current changes greatly, while the residual of the capacitor voltage changes slightly, and reaches 0 after a period of small adjustment. According to the Fig.3(b) , the residual estimation function changes dramatically at t = 0.02s. When t > 0.02s, the residual estimation function J is greater than the threshold value J th , Flag = 1. Thus the system reconfiguration is activated. The output voltage remains stable after a small adjustment. The simulation results of fault-tolerant are shown in the Fig.3(c) .
• Case (2) Fig.4(a) . When the capacitor voltage sensor occurs open-circuit fault, the residual signal can be produced. According to the Fig.4(b) , the residual estimation function changes dramatically at t = 0.02s. When t > 0.02s, the residual estimation function J is greater than the threshold value J th , Flag = 1. Thus the system reconfiguration is activated. The output voltage remains stable after a small adjustment. The simulation results of fault-tolerant are shown in the Fig.4(c) .
2) SIMULATION RESULTS OF GAIN DEVIATION FAULT
• Case (1): Gain deviation fault of current sensor
To simulate gain deviation (1.1 times of gain), when the simulation time t = 0.02s, the gain of the inductor current sensor are changed from 1 to 1.1. The simulation results are shown in Fig.5 . When the inductor current is broken, the fault can be detected by Fig.5(b) . As we can see, the residual estimation function exceeds the threshold, Flag = 1. The fault detection is achieved at t = 0.02s, and the fault-tolerant strts at the same time. Through fault-tolerant control, the system can achieve asymptotic stability under sensor fault. As shown in the Fig.5(c) , the output voltages do not change greatly after the fault occur, so fault detection and fault-tolerant are feasible.
• Case (2): Gain deviation fault of voltage sensor At t = 0.02s, the gain of the capacitor voltage is changed changed from 1 to 1.1. The simulation results are shown in Fig.6 . When the capacitor voltage sensor fault, the fault can be detected by Fig.6(b) . As we can see, the residual estimation functions exceeds the threshold. The fault detection is achieved at t = 0.02s, and the fault-tolerant starts at the same time. As shown in the Fig.6(c) , the output voltages do not change greatly after the fault occur, so fault detection and fault-tolerant are feasible. 
3) SIMULATION RESULTS OF NOISE ABNORMITY FAULT
• Case (1): Noise abnormity fault of current sensor When the simulation process reached t = 0.02s, a group of high-frequency random noise is added to the inductor VOLUME 7, 2019 current sensor. The simulation results are shown in Fig.7 . Fig.7(a) is the current and voltage residual. Fig.7(b) shows that the fault detection, which compare the residual estimation functions and threshold. Obviously, the current sensor is broken at 0.02s. the simulation result of fault-tolerant control is ahown in Fig.7(c) . By system reconfiguration, we can get stable output voltage under sensor fault. • Case (2): Noise abnormity fault of voltage sensor At t = 0.02s, a group of high-frequency random noise is added to the capacitor voltage sensor. The simulation results are shown in Fig.8 . Fig.8(a) is the current and voltage residual. Fig.8(b) shows that the fault detection, which compares the residual estimation functions with threshold. When t > 0.02s, the residual estimation function J is greater than the threshold value J th , Flag = 1. The simulation results of fault-tolerant control are ahown in Fig.8(c) . By system reconfiguration, we can get stable output voltage under sensor fault.
VIII. CONCLUSIONS
In this paper, we have address the problem of fault detection and fault tolerant control for affine switched systems. The purpose of the observer is to observe the error of the affine switched system and produce the residual. A switching rule has been applied to the switch system in this paper, and we achieve the goal that drives the state of the affine switched dynamic systems to a desired equilibrium point. By comparing the set threshold and the residual error, the sensor fault detection can be achieved. Once the sensor fault is detected, fault tolerant control can be achieved through the method of system reconfiguration to ensure the system stable with the sensor faults. In the future research work, in order to better illustrate the feasibility of our proposed theoretical scheme, we will build an experimental platform for verification like [25] . 
